Abstract. We demonstrate a simple and robust methodology for measuring and analyzing the polarization impedance appearing at interface between electrodes and ionic solutions, in the frequency range from 1 to 10 6 Hz. The method assumes no particular behavior of the electrode polarization impedance and it only makes use of the fact that the polarization effect dies out with frequency. The method allows a direct and un-biased measurement of the polarization impedance, whose behavior with the applied voltages and ionic concentration is methodically investigated. Furthermore, based on the previous findings, we propose a protocol for correcting the polarization effect in low frequency Dielectric Spectroscopy measurements of colloids. This could potentially lead to the quantitative resolution of the α-dispersion regime of live cells in suspension. 
Introduction
Dielectric Spectroscopy (DS) is an experimental technique that records the low frequency variations of the complex dielectric permittivity of a sample as function of frequency, which we call the DS curves. Because it is noninvasive, DS is widely used in many areas, including biophysics, pharmacology and geophysics [1] [2] [3] [4] [5] [6] [7] [8] . The low frequency DS measurements are particularly interesting because most of the colloidal suspensions exhibit here an α-relaxation. The shape of the DS curves near the α-relaxation depends, for example, on the material, shape and size of the colloidal particles. For live cells suspensions, the DS curves depend strongly on the membrane and several other important cell parameters [9] [10] [11] .
Unfortunately, the quantitative interpretation of the DS measurements is limited by the inherent contamination from electrode polarization, which is the apparition of a polarization impedance at the interface between the electrode and electrolyte. While this effect is present at all frequencies, it become stronger as the frequency is lowered. To obtain the intrinsic DS curves of a samples, the polarization effect has to be accounted for and removed from the data. This problem is of great interest to physicists from many areas of research, as indicated by the large amount of research published on this subject [14] [15] [16] [17] [18] [19] . If this can be accomplished, the experimental DS data can be quantitatively analyzed with theoretical models [9] [10] [11] [12] [13] and such combination could resolve absolute values (as opposed to relative values) for several parameters of great interest to scientists working with colloidal suspensions, including live biological cells. The present study is part of our effort of resolving the α-region of DS curves for live cell suspensions, where most of the available experimental methods encounter difficulties (see the strong critiques of Ref. [20] ).
The present paper proposes a technique to measure, analyze and remove the electrode polarization error at low frequencies. We report applications of the proposed technique to samples with known dielectric behavior such as saline solutions and buffers. Using these data, we map the dependence of the polarization impedance on different parameters such as frequency, the applied voltage and the electrode separation distance. We also demonstrate the robustness of the technique. Pure water and water with low and high concentrations of KCl are measured in order to study the dependence of the polarization error on the electrolyte's conductivity. As we shall see in this paper, the polarization impedance is inversely proportional to the conductivity of salty water. We also measure HEPES, a widely used buffer in life sciences. This is particularly interesting because HEPES have the same conductivity as some of our KCl solutions but different molecular composition. As we shall see, the polarization error has a different behavior for this case. We also propose a protocol for measuring, analyzing and removing the electrode polarization for colloidal suspensions. We report an application to E. coli cells in aqueous suspension.
Let us end this section by briefly going through the existing methodologies for polarization removal and their successful applications to different systems. A detailed presentation of the existing electrode polarization removal methods can be found in the reviews of Refs. [21] [22] [23] . Several methodologies are based on the observation that, in the very low frequency range, the polarization impedance Z p behaves as a frequency dependent RC circuit, with the resistor R p and capacitor C p in series and having the frequency dependent values: C p =Aω −m , R p =Bω −n [24] . The parameters A, B, m, n depend on the electrode and electrolyte properties, as well as on their interaction. Since the polarization impedance is physically localized at the interface between the electrodes and the sample, Z p can be set in series with the samples impedance Z s , to give the total measured impedance Z. In this context then, to remove the polarization errors, one has to develop methodologies for determining the parameters A, B, m and n that characterize the polarization impedance. A fitting methodology was designed and tested in Ref. [16] . This technique was successfully applied to obtain the DS curves for rat liver cells in the frequency range from 10 3 to 10 8 Hz. The authors of this study stated that it remains unclear if the trends in the dispersion curves below 10 3 Hz are due to the α-effect or to an artifact related to insufficient polarization removal [16] . The method just presented is sometime mentioned under the name of frequency-derivative method.
A more elaborate procedure was proposed in Ref. [14] , in which Z p is parameterized as described above and in the same time, Z s is parameterized using phenomenological frequency dependence functions. The result is a phenomenological fitting function, which is then used to fit the experimental dispersion curves on the entire range of frequencies, using a large number of fitting parameters. This methodology was successfully applied to describe the dielectric properties of erythrocytes in the frequency range from 1kHz to 1GHz. This methodology may be sensitive to the phenomenological function used to parameterize Z s , and the results could be biased by a particular choice. For example, the methodology had difficulty in resolving the α-dispersion of any live cell suspension.
Distance variation technique is another method for polarization removal. We have used successfully this method in the past to remove the polarization error in low conductivity fluids like pure water, toluene, glycol, and for cells suspended in low conductivity buffers [25] . This methodology is based on the observation that Z p is practically independent of the separation distance d between the capacitor's plates. Thus, by measuring the Z=Z s +Z p for two values of d, one can eliminate Z p by subtracting the results of the two measurements.
The polarization errors can be reduced by using special electrodes, like the fractal electrodes (platinum black is one example), or using gratings instead of flat electrodes. However, none of these techniques would totally eliminate the polarization error.
As opposed to the above methodologies, our technique give direct, unbiased value of Z p . We can use this unbiased measurements to verify the theoretical predictions and the assumptions made in the previous works on the behavior of Z p . We find most of them to be true, even at a quantitative level. The experimental set up used in this paper. The gold plated electrodes are placed inside a glass cylinder. The distance between them is controlled with a micrometer. A voltage from the signal analyzer is placed on the upper electrode while the bottom one is kept at virtual ground through the negative input of the amplifier. The ration between the voltages at channel 2 and channel one is recorded.
Materials and Method

Experimental Setup
We use the same experimental setup as in Ref. [25] , which is illustrated in Fig. 1 . The sample to be measured is placed between two parallel gold plated electrodes (yellow) that are enclosed in a long cylindrical glass tube (dark blue). The results reported here were obtained with electrodes of 28.1 mm in radius. In order to minimize the chemical reactions between the electrodes and the solution, gold, an inert metal, was plated on the electrodes. It was found that 100 nm was enough to withstand the corrosion from the salty buffers and other media used for live cells measurements. The distance between the capacitors plates is controlled with a micrometer. To reduce the errors due to the stray capacitance at the edges of the electrodes, the bottom electrode was made as large as the glass container and the upper electrode just one millimeter smaller, to allow the flow of the fluids when modifying the electrodes separation. Because of this choice, the stray electric field lines will go mostly through the glass container (dielectric permittivity of 4) or air (dielectric permittivity of 1) and, since these are materials or reduced dielectric constant (compared to 78 of water), this reduces the contribution of stray capacitance to the measurements. The electrode guard technique for reducing the stray effects was also tested but no improvement was seen in the measurements. The distance between the electrode plates was varied from 1 mm to 10 mm.
The experimental setup works as follows. The Signal Analyzer provides a sinusoidal voltage at its signal output. It also digitizes the voltage at Channels 1 and 2 and takes the ratio of these two as function of frequency. The real and imaginary parts of this ratio are stored on a computer. The bottom electrode plate was held at relative ground potential through the negative input of the Amplifier A 2 . The output voltage from the Signal Analyzer is applied to the upper electrode, through resistor R 1 . As a result, the current I that flows through the sample produces a voltage V 1 , equal to the product of I and impedance Z of the measuring cell. The voltage V 2 is equal to minus the product of I and resistance R 2 . Thus the transfer function, T , is directly related to the measuring cell impedance by: T =R 2 /Z. R 2 was fixed at 100 in these experiments. If the impedance Z were not contaminated by the polarization effects and other possible factors, then the complex dielectric function * = +σ/jω of the sample could be calculated from:
where d represents the distance between the electrodes, A the surface area of one electrode, and σ are the dielectric permittivity and conductivity of the sample and ω=2πf , where f is the frequency of the applied signal.
The set-up used in this paper was previously shown to correctly measure samples with a wide range of relative dielectric permittivities, from 2 (toluene) all the way to 78 (water) [25] . Without correcting the the polarization error, the set-up gives the correct value of * for frequencies down to 10 Hz for non-polar liquids and down to 1 kHz for water.
E. coli preparation
In experiments with live cells, E. coli K12 wild type (www.atcc.com) were incubated in 3 ml of Tryptone Soy broth (growth media) at 175 rpm and 37 o C to the saturation phase for 16 hours. They were then re-suspended in 60 ml of media and incubated for 5 hours in the same conditions until they reached mid logarithmic phase. To determine the cell growth and concentration, a spectrophotometer was used to measure the optical density of the cell suspension before the measurements. For dielectric spectroscopy, a fresh suspension of cells was centrifuged at 2522×g for 10 min before each measurement and the pellet re-suspended in ultrapure (Millipore) water with 5mM glucose that is routinely used to balance the osmotic pressure.
To check cell viability in media and water, two methods, plate counting and membrane potential dyes, were employed. For plate counting, two test tubes with 10 ml of cells in media and cells in ultrapure water with 5 mM glucose were tested for a extended period of time. Each day, cells were cultivated on agar plates by serial dilutions and incubated for 18 hours at 37 o C and the number of colonies counted from the smallest dilution area. The membrane potential dye, Di-SC3-5 Carbocyanine iodide (www.anaspec.com), was used to stain the cell membrane and test for viability. The labeled cells were imaged using an inverted microscope, Axiovert by Zeiss, in the fluorescence mode. Dye was added in a concentration of 0.4 µM to cells in media and cells in water and imaging was performed after 15 min, to allow the dye to settle in the membrane. All measurements were done at 25 o C. 
Measuring the polarization impedance
The polarization effect is due to the polarization of the ionic charges accumulated at the interface between the fluid and metallic electrodes. The electrode polarization of the electrical double layer depends on the chemical and physical properties of the electrode as well as of the sample to be measured [26] . Because the effect takes place at the interface between the sample and the electrode, mostly within a few nanometers from the electrode, the polarization impedance Z p appears in series with the intrinsic impedance of the sample Z s . In other words, the measured impedance is the sum of the two: Z=Z s +Z p [26] . Thus, if one develops a method to measure Z p , the intrinsic impedance of the sample can be obtained by subtracting Z p from the measured Z. We will use Millipore water to exemplify how one can achieve just that. The dielectric function of pure water is known to be constant r =78 (relative to the vacuum) for a frequency range spanning from 0Hz to several GHz. However, if we use the raw DS data and compute the dielectric function using Eq. 1, we obtain the graph shown in Fig. 2k (red line) . Looking at this graph, we see that that from approximately 1 kHz and up, r agrees extremely well with the nominal value of 78, while from 1 kHz down, r deviates quite strongly from this value. The anomalous behavior of r at these low frequencies is the typical manifestation of the electrode polarization effects. Now, the main observation is that above 1 kHz the effect is practically gone. If we plot the real and imaginary parts of the impedance Z (the red lines in Fig. 2a and 2f) , and the intrinsic impedance of the Millipore water (the blue lines in Figure 2a and 2f), computed as: d/jω * A), with * being the nominal complex dielectric function of Millipore water, we see that the two graphs match quite well above 1 kHz. In fact, if we fit the experimental values of Z above 1 kHz with a frequency dependent function
with and σ as fitting parameters, we obtain =78 and σ=0.000070 S/m, in extremely good agreement with the nominal values of the Millipore water. Now, since it is known that the dielectric function and conductivity of ionic solutions are constant all the way to zero frequency, we can extrapolate Z fit to lower frequencies. The difference between the measured Z and Z fit is precisely the polarization impedance Z p . Thus, we can measure in this way the polarization impedance and a plot of Z p is show in the inset of Figure  2f (the green line). Based on all the above, the following methodology emerges: To measure the polarization impedance for an unknown ionic solution one can do the following:
(i) Fit the experimental data for Z with the function Z fit given in Eq. 2, by giving a large weight to the high frequency data and a low, or almost zero weight to the low frequency data.
(ii) From the fit, determine the true dielectric constant and conductivity σ of the ionic solution.
(iii) Extrapolate Z fit all the way to 0 Hz and obtain the intrinsic impedance Z s of the ionic solution at low frequencies.
(iv) Compute Z p as the difference between Z and the extrapolated Z s .
All data on Z p reported in this paper were obtained by an automated implementation of the above four steps. Fig. 2 shows an application of the above procedure to a series of weak saline solutions, which will be analyzed later in the paper.
Characterization of Z p
We will use the Millipore water to answer several important questions about the polarization impedance. As we already mentioned, Z p depends, in general, on the applied voltage and on frequency. The exponent of the power law can be easily and accurately obtained from the plots and will be disccused later in the paper. Analyzing the insets, we observe a weak dependence of Im[Z fit ] on the applied electric field. The shape of the curves changes slightly as the electric field is varied and this effect seems to be more pronounced for the smallest value of d. For larger d, the effect is almost nonexistent which supports the assumption that the amplitude and the exponent of the power law are independent of the applied electric field.
Robustness of the methodology
Weak ionic solutions
In Fig. 2 we present an application of the methodology to electrolytes with low conductivity, more precisely, water with low concentrations of KCl. From left to right, the different columns in Figure 3 refer to 0 µM, 1 µM, 5 µM, 10 µM and 20 µM KCl. For low KCl concentration, the dielectric function of the solution remains constant at 78, while large increases in the conductivity should be observed. In all columns of Fig. 2 , we can see an almost perfect match between the real parts of Z and Z fit . The fit is also perfect for the imaginary parts of Z and Z fit , if we look above 1 kHz. The fitting provided the following values: r =78±1, and σ=0.00011, 0.00020, 0.00034 and 0.00056 S/m for the four cases, respectively. To these significant digits, same values of σ have been measured using a regular conductivity probe (Denver Instruments Model 220). This demonstrates that, by an automated implementation of the steps i)-iv) described above, we were able to remove the polarization effects and obtain the intrinsic dielectric function and conductivity of all these solutions.
Strong ionic solutions
Low frequency dielectric spectroscopy has applications in many fields, but we are primarily interested in biological applications, such as measuring the dielectric functions of live cell suspensions.
Many physiological buffers are known to have huge conductivities. Thus, in order to apply our method to live cells in suspension, we must demonstrate that it works for strong ionic solutions.
As the conductivity of the electrolyte increases so does the frequency limit where the polarization effect highly contaminates the data. Since our method relies on the information contained in the high frequency domain where the polarization effects are small, the experimental data must contain a good part of this domain. Thus, for strong ionic solutions, we need to record the DS curves up to much higher frequencies. This is why, in the experiments with strong ionic solutions we replaced the initial signal analyzer SR 795 with the Solartron 1260, which allowed us to record data in the frequency window from 0 Hz to 1 MHz.
We give an application of the methodology to water and KCl, at much higher concentrations than before, namely 0.1, 0.5 mM KCl concentrations, and to HEPES with 5 mM concentration. The dielectric functions before and after polarization removal are shown in the left panel of Fig. 4 . For the two KCl solutions, the methodology provides the following values: r =72±1 and σ=0.00557 and 0.00707 S/m. For HEPES solutions, the methodology provides r =71 and σ=0.00482 S/m. Again, to these significant digits, the same values of σ have been measured using the conductivity probe.
According to our measurements, the dielectric constant of the KCl solution decreases with the KCl concentration, an effect that has been reported before. This has to do with the fact that K+ and Cl-ions dont have an intrinsic dipole moment (meaning a smaller polarizability than water molecules) and since they occupy space in the solution the overall dielectric permittivity of the solution decreases with the KCl concetration [27] .
Behavior of Z p with the ionic concetration
Now we can say a few things about the behavior of Z p with the increase of KCl concentration. In Fig. 5 [14] . This explains why the manifold of curves for low KCl concentrations is more spread out.
Another finding is that the exponent α of the power law behavior Im[Z] ∝ ω −α , decreases with the increase of KCl concentrations. This decrease is visible even within each manifold. Quantitatively, we find an average of α=0.8 for low KCl and an average of α=0.6 for higher KCl concentrations. The last value is in line with a previous study [14] , which found an exponent of α=0.7.14 for mM KCl concentrations. 
Polarization effects in colloidal suspensions
We should point out from the beginning that the dielectric functions of colloidal suspensions are not constant with frequency. In fact, the main goal of dielectric spectroscopy is to capture and study these variations of ? with frequency. Thus, the methodology outlined above cannot be directly applied to these systems. However, one way to apply the methodology to colloids (including live cells) suspended in electrolytes or to samples saturated with electrolytes is as follows. Initially, the sample is measured and the raw values of Z are recorded. The data are, of course, contaminated by the polarization effect. Now the key observations are: 1) the polarization effect is due to the electrolyte and not the colloidal particles (as discussed below) and 2) the dielectric function of the electrolyte is constant with frequency. Thus, if we separate the electrolyte from the colloids, we can measure Z p as before, which then can be removed from Z to obtain the intrinsic impedance of the sample. Thus, the following methodology emerges: (I) Record the raw values of Z.
(II) Gently remove the colloids from the solution and save the supernatant. (IV) Remove Z p from Z to obtain the intrinsic impedance of the sample.
An important question arises, namely, if the polarization impedance seen in the supernatant is the same as the one in the cell suspension. We argue that, for the suspensions of cells used in our experiments, the polarization error is due to the supernatant. Indeed, the polarization impedance is due to the polarization of the ionic double layer near the electrodes when time oscillating electric fields are applied. The thickness of electrical double layer responsible for the polarization error is a few nanometers from the electrode. In our experiments, the applied electric field is kept small, below 1V/cm, so it does not rotate or move the cells. Consequently, the cells do not concentrate on the electrodes when the voltage is turned on. Since the usual cell concentrations are relatively small, the average number of cells in the electrical double layer is practically zero. The only logical conclusion is that the cells do not contribute to the polarization error.
It is also important to notice how we propose to measure the dielectric properties of the electrolyte in which the cells are suspended. When the cells are suspended in an electrolyte, they modify the dielectric properties of the electrolyte by releasing ions through an ion-exchange process needed to stabilize their membrane potential. Thus, the properties of the electrolyte change when the cells are suspended and this is why we must measure the electrolyte after the cells have been suspended.
Another important observation is that the protocol I-IV can be applied in one step. For example, for mamalian cells that are large in size, it is possible to divide the measuring cell in two compartments using a membrane that is permeable to the electrolyte but not to the live cells. Such a measuring cell, illustrate in Fig. 6 , will allow the separation of the electrolyte and simultaneous DS measurements for the cell suspension and for the electrolyte. The measuring cell of Fig. 6 is easy to construct for geophysical applications where one is interested in the dielectric properties of granular soils, with granules typically of millimeter or slightly sub-millimeter sizes. We can argue that such a measuring cell will be superior to the distance variation cells because there are no moving parts and because we obtain the value of Z p , which is an interesting quantity in itself.
Since the mamalian cells are more tedious and expensive to grow, we show here an application of the above protocol to live E. coli cell suspensions. E. coli cells are 2 to 5 µm in size so the measuring cell illustrated in Fig. 6 is not feasible. Instead, we chose to implement the protocol I-V in two steps. For this, we first take the DS measurements on the E. coli suspension and then separate the supernatant by gentle centrifugation and subject it to the DS measurements. During the experiments, we observed that if the cells are not carefully spun, the ionic properties of the supernatant can be different from that of the cell solution. In particular, the conductivity of the supernatant becomes higher than that of the cell solution, suggesting that ions were released in the electrolyte during the centrifugation.
For this reason, we must demonstrate that we can successfully separate the supernatant without changing its ionic properties. This can be done because we have a control parameter, the conductivity, which must be the same, with a high degree of accuracy, for the supernatant and for the cell suspension. This is exactly what is Electrolyte Cell Suspension Membrane Figure 6 . A measuring cell that will allow simultaneous DS measurements of the live cells suspension (using the right capacitor) and electrolyte (using the left capacitor).
observed when the the centrifugation speed is reduced, namely that the conductivity of the supernatant comes closer and closer to that of the cell suspension. This is our experimental evidence that the supernatant has the same ionic properties as that of the cell suspension, and consequently, the polarization of the double layer near the electrodes should be similar for the two cases. We also provide the error bars, from which one can determine the fluctuations induced by the two step implementation. We mention that the error bars are small enough to allow quantitative evaluations of the membrane potential during various induced physiological changes in the E. coli cells [x] .
The E-coli cells were harvested in their mid logarithmic phase then re-suspended for measurements in ultra pure water plus 5mM glucose (for osmotic pressure balancing) at an OD=0.186. The sample was prepared as explained in Section 2. Same section also describes our measurements done to test the cell suspension viability, which proved that the cellular suspension was healthy. The measurements were taken with a distance between the electrode plates of 3 mm. In Fig. 7a , we present the raw values (magenta) of the imaginary part of the measured impedance Z and that of the impedance of the supernatant (red) obtained by extremely gentle centrifugation. The inset gives a detailed picture of the data in the frequency range from 20 to 100 Hz, plotted in a lin-lin scale. The plot shows a substantial difference between the two sets of data (of more than 5 %), difference that can be easily resolved by our electronic setup. The green line in Fig. 8a represents the imaginary part of Z p determined from the DS measurements on the supernatant as explained in the I-IV protocol. The blue line represents the imaginary part of the intrinsic impedance Z s of the cell suspension. Fig. 7b shows the dielectric permittivity of the E. coli suspension as computed from Z (magenta) and computed from Z p (blue). The blue line represents the intrinsic DS curve of the sample. Fig. 8 shows the intrinsic DS curve of two E. coli solutions of different volume concentrations, each obtained by averaging 5 independent measurements on 5 separate samples. The figure also shows the error bars resulted from the 5 measurements. As one can see, the error bars (less than 5 %) are small enough to allow the resolution of the two concentrations. An more complete analysis, including Figure 7 . Dispersion curves for E. coli at OD=0.186. Left: the imaginary part of the measured impedance Z of the cell suspension (mangenta), of the supernatant (red), of the polarization impedance Z p (green) and of the corrected (intrinsic)impedance Z p of the sample (blue). Right: The dielectric curves for the cell suspension before (mangenta) and after the correction for the electrode polarization impedance (blue) done using the technique presented in this paper.
comparisons with the existing theoretical models [9, 11] is given in Ref. [28] . In this reference we show that the experimental DS curves are in line with the theory and that we can obtain quantitative values for the membrane potential of the E. coli cells in suspension.
Examining Fig. 7 and 8 , we can distinguish a very high plateau in the DS curve, which we identify with the α-plateau [9, 11] . An intriguing feature of the DS curves is the absence of the β-plateau. To explain the absence of the β-plateau, we mention that the dielectric dispersion curves of cell suspensions are very sensitive to the conductivity of the medium. In particular, the β-dispersion shifts to the lower frequencies as this conductivity is decreased [11] . In our measurements, the cells were suspended in pure water, thus the β-dispersion should be substantially shifted to the left. The β dispersion of E. coli solutions was measured in Ref. [29] and found to be between 10 5 − 10 6 Hz. In these experiments, the cells were suspended in growth medium with conductivity of about 440 times larger than that of the water used in our experiments. Using a well established model of the β response, we found that when lowering the conductivity by 440 times, the β dispersion moves from 10 5 − 10 6 Hz in the region where we observe the α plateau [28] . Thus, in our experiments, the β dispersion is covered by the α dispersion due to the low conductivity of the medium in which the cells were suspended.
Conclusions
In this paper we proposed a methodology to measure, analyze and remove the polarization impedance Z p that appears and contaminates the dielectric spectroscopy data at low frequencies. Using this methodology we mapped the dependence of Z p on different parameters. Our study experimentally confirmed the theoretical predictions that the polarization impedance is reactive and that it varies as a power law with frequency for monovalent ionic solutions. Our study also showed that the amplitude and the exponent of the power law are very weakly dependent on the applied voltage. We found that the exponent of the power law and the amplitude decreases with the increase of ionic concentration in quantitative agreement with previous works. By comparing two different types of solutions that have similar conductivities, KCl and HEPES we saw that the polarization impedance can have slightly different behaviors. Thus, we pointed out that one must be careful with the assumptions made on the polarization impedance.
We propose the protocol I-IV that will allow the application of the methodology to colloidal suspensions. We argued that the protocol can be implemented in one step by using the measuring cell shown in Fig. 6 . Such implementation is currently under the investigation. Here, we have demonstrated a two step implementation, in which the cells are removed by gentle centrifugation and the resulting supernatant is used to measure Z p . We have presented evidence that, by gentle centrifugation, the resulting supernatant retains the same ionic properties as the cell suspension. We also presented evidence that the two step implementation is robuts, leading to small error bars even when repeating the measurements on completely new samples.
Obtaining uncontaminated dielectric spectroscopy data in the α-region opens the possibility of many interesting applications, the most notable being measuring the membrane potential as predicted in Ref. 9 .
